Abstract: Atomistic simulations of nanoindentations with spherical and Berkovich indenters were carried out to study the effects of size on nanohardness. For spherical indenters with the radii ranging from 10 Å to 50 Å, it was found that nanohardness was inversely proportional to the indenter radius. For Berkovich indenters, it was found that nanohardness roughly followed a trend that was inversely proportional to the indentation depth. It was concluded that the indentation size effect at the atomistic scale might follow a trend similar to that observed at the micron and sub-micron scales. Biographical notes: Chih-Yang Chan is a graduate student working toward his Master degree in the Department of Civil Engineering, National Taiwan University. His research interest is atomistic modelling of nanoindentation phenomena.
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Introduction
The hardness of thin films within the first few nanometres plays an important role in many applications (e.g., Diamond-Like Carbon (DLC) coating of magnetic hard disk drives, thermal protection of reentry vehicles, wearing resistance of materials). Nanoindentation tests have been widely used to characterise hardness and elastic moduli of specimens at the nanoscale. For thin film specimens, nanoindentation tests provide an additional advantage as the films do not need to separate from the substrates for testing. In addition to hardness, the nanoindentation tests have been extended to characterise other mechanical properties such as visco-elastic properties and fracture toughness of nano-films (Fischer-Cripps 2004) .
To understand the detailed deformation and dislocation mechanisms behind nanoindentation tests, researchers have recently resorted to atomistic simulations. Liang et al. (2003) elucidated the evolution of Cu microstructures during nanoindentation. Lee et al. (2005) carried out several atomistic studies on Al nanoindentation. They found that the criterion of critical resolved shear stress, a continuum-based indicator, is no longer valid in predicting dislocation nucleation at the atomic scale. Chen et al. (2008) studied dislocation structures, mean contact pressure and nanohardness of Au and Al thin films using atomistic simulations. They concluded that two different characteristics were found in the induced dislocation structures: widespread slip activities in Al and confined and intact structures in Au. The mean contact pressure for both samples reached a steady value soon after the first apparent load drop.
Despite the recent surge of using atomistic simulation to study dislocation mechanisms associated with nanoindentation, many remain unknown. For example, the phenomenon, mechanism and theory for the Indentation Size Effect (ISE) at the micron scale are now well established. Nevertheless, it is not clear whether the same phenomenon occurs on the nanoscale. The ISE refers to a phenomenon in which hardness increases when the depth of penetration from a sharp indenter decreases or when the radius of a spherical indenter decreases. In their pioneering work, Nix and Gao (1998) developed a strain-gradient theory based on geometric necessary dislocations to analyse the micro ISE. They found that ISE represents a relation of indentation depth and hardness in a quadratic equation for conical indenters. Swadener et al. (2002) extended Nix and Gao's model to spherical and Berkovich indenters on the nanoscale. Huang et al. (2006 Huang et al. ( , 2007 proposed that a maximum dislocation density may exist if the spherical indenter size was reduced to a sub-micron scale. Analogously, it was argued that if the indenter size was small, the dislocation density would reach a fixed value. Consequently, the nanohardness would stay in a steady value and the ISE phenomenon may not exist at the nanoscale.
In contrast to the strain-gradient theory that can explain the ISE phenomenon at the micron scale very well, the theory and mechanism for ISE at the nanoscale have not been established. More theoretical development, experimental observations and atomistic simulations are required. In this study, atomistic simulations of nanoindentation with spherical and Berkovich indenters were carried out to study ISE at the nanoscale. Nanohardness with various indenter radii for spherical indenters and various indentation depths for Berkovich indenters was evaluated.
Computational methodology

Molecular dynamics
We use a static version of classical molecular dynamics to study nanohardness and dislocation activities during nanoindentation. In classical molecular dynamics, the equations defining the motion of atoms follow trajectories governed by Newtonian dynamics:
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where m i is the mass, r i is the position vector and f i is the force on an atom i. ∏ is the total energy of the mechanical system consisting of the internal atomic potential and external work:
where U is the internal atomic potential and W is the external work exerted on the system. The internal atomic potential U can be obtained by summing the interatomic potential. For liquid and organic molecules, simple function forms similar to the Lennard-Jones potential are often adapted. For metals, the interatomic potential is often described using the Embedded Atom Method (EAM) (Baskes, 1992) . In regards to EAM, the interatomic potential contains not only the pair potential between two atoms but also the embedded energy induced by the local density of electrons surrounding the atoms of interest. Note that the concept of local density is crucial for the description of metallic bonding. It allows one to account for the dependence of the strength of individual bonds on a local environment. This is especially important for the simulation of surfaces and defects. In EAM analysis, the energy of an atom i has the following functional form:
where F(ρ i ) is the embedded energy (Baskes, 1992) , ρ i is the total electron density of atom i that can be obtained by summing the electron density f, φ ij is the pair potential between atoms i and j and r ij is the distance between atoms i and j.
Nanoindentation
Nanoindentation using spherical and Berkovich indenters was implemented to model the nanoindentation experiments. For spherical indenters, a purely repulsive force relationship between indenter and the atoms of the thin films was used to model the indentation process (Lilleodden et al. 2003) . For those atoms in contact (i.e., for those atoms that have penetrated the boundary of the indenter), a repulsive force occurred:
where r spher is the radius of a spherical indenter and r is the distance from the centre of the spherical indenter to an atom in contact (r < r spher ). The parameter ε is used to characterise the relative rigidity between the indenter and the film. The value ε = 30 eV/Å 3 was used herein. For Berkovich indenters, an assembly of atoms with a cubic lattice was used to model the indenter. The relationship between Berkovich indenters and thin film specimens was given by Gannepalli and Mallapragada (2002) :
where V(r) is a pure repulsive potential, r is the distance from an indenter atom to an atom in the specimen. The parameters ε = 30 meV and ρ = 3Å were used herein.
To obtain equilibrium configurations at various indentation stages, an energy minimisation scheme was used. At the equilibrium state, the total force associated with the internal atomic potential and the external work on atom i vanishes. Thus, we have 0.
During the energy minimisation process, the total force on each atom will not be zero initially. The unbalanced force then serves as the driving gradient to move to the state approaching equilibrium. In this study, each new stable equilibrium configuration was obtained using the Polak-Ribiere variation of the conjugate gradient method (Press et al., 2007) .
Nanohardness
The mean contact pressure, obtained by dividing the indenter load by the projected contact area, characterises the material support beneath the indenter. When determined at the fully developed plastic zone, the mean contact pressure equates to the hardness of the material. In conventional indentation testing at the micron scale, the hardness H is determined from the peak of the indentation load (P max ) divided by the residual contact area (A c ) after the removal of the load, i.e., max .
For nanoindentation testing, it is very difficult to measure the residual plastic impression, and the Oliver and Pharr (1992) scheme is often used. The scheme characterises the hardness vs. indentation depth, and as such, the nanoindentation testing is often referred to as depth-sensing indentation (Fischer-Cripps, 2004) . Interestingly in atomistic modelling of nanoindentation, equation (8) can be used directly and the contact area A c can be obtained by triangulating the projected atoms within contact. Figure 1 illustrates the calculated contact areas from a spherical indenter and a Berkovich indenter in a nanoindentation simulation. For Berkovich indenters, the specimens were much bigger than those for spherical indenters as the indentation penetration was much larger. The specimen size was 1200 Å × 1200 Å × 175 Å. The model contained over 14 million atoms. Figure 3 shows the simulated indenting load vs. indentation depth for spherical indenters. The indenting load was calculated by summing the total force along the Z direction exerted on the indenter. The indentation depth corresponded to the displacement of the indenter. To study the dislocation structures, slip vectors were adapted herein (Zimmerman et al., 2001; Chen et al., 2008) . The slip vector has been used widely as a synonym for the Burgers vector. The norm of slip vectors was colour coded to represent inhomogeneous deformation associated with dislocations. Figures 4 and 5 show the dislocation structures of Au and Al thin films generated by a spherical indenter with the depth of 50 Å and 45 Å, respectively. It is worth noting that dislocation structures of Au thin films are saturated in a confined and intact region underneath the indenter. However, the dislocations of Al thin films spread out from the indenters, behaving quite differently to that of Au thin films.
In atomistic simulation, the mean contact pressure can be evaluated from the relationship between the indenting load and the contact area. Figure 6 shows the mean contact pressure for Au and Al with a 50 Å radius spherical indenter. In both cases, the mean contact pressure varied significantly at the early stage of indentation and reached a steady value after a significant drop. The steady mean contact pressure can be interpreted as the nanohardness of the material. The calculated results in Figure 6 indicate that the nanohardness was not affected by the indentation depth for spherical indenters. Figure 7 summarises the hardness calculations with different indenter radii. Two important observations can be drawn. Firstly, the nanohardness decreased as the indenters' radius increased. This observation agrees with the general trend from other experiments (Swadener et al., 2002; Durst et al., 2008) . Secondly, the nanohardness of Al was seen to be higher than that of Au. This indicates that the hardness of Al is greater than that of Au in the nanometre regime. The results of indenting load vs. indentation depth with a Berkovich indenter are shown in Figure 8 . The general patterns for the dislocation structures are similar to those with spherical indenters, as can be seen in Figures 9 and 10 . Dislocations of Au thin films are saturated in a compact shape with an indentation depth of 31.5 Å, and dislocations of Al thin films are spread out from the indenter with an indentation depth of 32 Å. The contact pressure increased rapidly at the beginning of the indentation simulation and started decreasing after the first apparent load drop in both the Au and Al specimens. The first apparent load drop gives a good indication that a dominant plasticity has occurred. The nanohardness with the Berkovich indenter was evaluated directly from the mean contact pressure after the first apparent load drop (Figure 11 ). It indicated that the nanohardness calculated using the Berkovich indenter was inversely proportional to the indentation depth. This observation again agrees with the general trend from other experiments (Swadener et al., 2002; Durst et al., 2008; Huang et al., 2010) . 
Conclusions
Atomistic simulations of nanoindentation with spherical and Berkovich indenters were carried out to study nanohardness size effects of Au and Al thin films. For spherical indenters, we found that nanohardness was not influenced strongly by the indentation depth. In addition, for indenter radii ranging from 10 Å to 50 Å, nanohardness was inversely proportional to the indenter radius. For Berkovich indenters, we found that nanohardness roughly followed a trend that was inversely proportional to the indentation depth. We concluded that the ISE at the atomistic scale might follow a trend similar to that observed at the micron scale.
